Endogenous inhibitors have a crucial effect on the success of sugar beet (Beta vulgaris) seed germination. The strength of this effect changes during seed maturation, and washing away these inhibitors can facilitate germination. Investigation of various washing factors such as water-to-seed ratio, stirring time, and speed of stirring on a mixed-maturity lot of sugar beet seeds revealed the significant effect of the interaction of all factors. Seeds with different maturity classes, from the same lot, were washed using procedures determined from the first experiment. Statistical analysis of the germination data of the washed seeds showed a significant difference in mean germination time depending on maturity class. Washing seeds of different maturity classes with 40 mL of water per gram of seed improved the germination performance of maturity classes 2 and 5, compared with 20 mL water per gram of seed. The UV absorbance of inhibitors washed from seeds differed between maturity classes. The change in seed moisture content during the washing process is another factor altered by the extent of seed development, and this variation in water uptake may reflect the pericarp structure of seed in different maturity classes. The findings in this manuscript highlight the importance of optimizing the pre-treatment procedures in accordance with the individual seed lot.
Introduction
Sugar beet (Beta vulgaris L.) seed is an achene, which is a small, single-seeded, dry indehiscent fruit. In this dispersal unit, the "true seed" is enclosed in a bulky pericarp. Dead perianth tissue is associated with pericarp [1, 2] . In sugar beet, the perianth is partially lignified, although the proportion of precursors (phenols) of lignin biosynthesis varies among different maturity classes [3] . Due to the indeterminate flowering pattern in sugar beet, there is insufficient time for all seeds to develop fully. At harvest time, seeds will therefore be at different maturity levels [4] .
An immature sugar beet seed contains a partially shrunken seed and some empty space in the cavity. The direct effect of these underdeveloped seeds on the germination potential of the seed lot has been demonstrated in various investigations [4] [5] [6] [7] . The undesirable effect of immature seeds on the germination performance may be due to various characteristics of immature seeds, such as a high level of toxic substances, undeveloped embryo or a not fully structured pericarp. Identification of these seeds is very important for the improvement of the germination performance [3, 8] .
However, visible detection of underdeveloped seeds from good, fully filled ones is demanding [4] and requires advanced methods of investigation such as multispectral imaging, which enables the classification of different maturity levels. This machine vision technique for seed quality assessment is fast, nondestructive, and does not require any sample preparation [9] .
Materials and Methods
MariboHilleshög, Holeby, Denmark provided the seed lot, which was produced in Italy and commercially standardized through post-harvest processing (cleaning and polishing). The seed lot was divided into two parts: (A) a basic sample, which consisted of seeds of various developmental stages and hence mixed maturity, and (B) a sorted sample, in which the seeds had been classified by their maturity level. Sorting was done with a chlorophyll seed analyzer, which allows seed classification according to their chlorophyll fluorescence (CF) levels. The CF range for each class was: class 1 (>3000 pA), class 2 (1500-3000 pA), class 3 (750-1500 pA), class 4 (250-750 pA), and class 5 (110-250 pA). The standard germination of the basic sample was 96%.
Mixed Maturity Sample
The effect of three factors involved in seed washing on the germination performance of seeds in the basic sample was examined. Duration of washing (1, 2, or 4 h), water-to-seed ratio (10, 20, or 40 mL of sterile distilled water per gram of seed), and the stirring speed (100, 200, or 400 rpm) were the examined factors in this experiment.
After the washing treatment, the seeds were dried back overnight under the half flow of laminar. The following day, seeds were surface-sterilized with 1.2% sodium hypochlorite solution for 1 min and rinsed 3 times for 1 min with sterile distilled water prior to the germination test. For the germination test, 100 seeds were divided into four sets of 25, with each set in one petri dish containing blue germination paper moistened with 5 mL of sterile distilled water. The blue germination paper allows easy detection of radicle protrusion. The petri dishes were sealed with parafilm to keep the moisture, germination conditions were set as recommended by ISTA [29] . Germination was registered, when radicle was ≥ 2 mm.
Distinct Maturity Classes
From the sorted sample, seeds of each maturity class were weighed prior to the start of the experiment. Further, with the aim of visualizing the maturity classes and the associated differences in pericarp development, multispectral images (MSI) were acquired using a VideometerLab 3 imaging system (Videometer A/S) and analyzed with the related software. The normalized Canonical Discriminant Analysis (nCDA) transformation model was calculated for seeds in each maturity class. This method was applied on the pixel level in order to achieve the optimal band normalization and be able to classify the studied seeds in distinct classes.
Based on the information from the evaluation of the basic sample, the speed of stirring and the duration of washing were kept constant. The effect of two water-to-seed ratios were selected for evaluation of washing efficiency on the germination performance of seeds of different maturity classes. Thus, seeds of each maturity class were washed with either 20 or 40 mL sterile distilled water per gram of seed for 4 h at a stirring speed of 400 rpm.
After the washing experiment of seeds of distinct maturity class, one mL of steeping solution of each maturity class was transferred to a quartz cuvette (12.5 × 12.5 × 45 mm) to record the UV spectrum of the sample using a Shimadzu UV-2700 spectrophotometer. Full absorbance spectra of the steeping solution and the absorbance at 260 nm was extracted for each treatment.
The increase in seed moisture content during each washing treatment was evaluated to determine the relation between the maturity class and water uptake. The moisture variation (%) among seeds with different developmental stages was calculated using Equation (1):
M is the calculated moisture variation, M 1 is the seed weight after washing, M 0 is the dry weight before washing, adjusted for the initial moisture content. The outcome of this calculation is shown in Table 1 with color coding. The intensity of cell color increases with the percentage of seed moisture. Germination tests were performed and registered as described in Section 2.1. Statistical analysis was carried out in R version 3.4.2 [30] . Linear models were constructed with (1). Mean germination time (MGT) as a function of duration of washing (T), water-to-seed ratio (R) and stirring speed (S), and (2) . MGT as a function of seed maturity level (M) and water-to-seed ratio (R). Significant factors were determined by ANOVA and significant differences between treatment groups were determined by a Tukey's HSD test.
Results

Mixed Maturity Sample
After washing seeds of the basic sample with different combinations of washing duration, water-to-seed ratio and speed of stirring, the germination rate was recorded every day for 14 days. Statistical analysis of MGT of all treatments showed a significant interaction between the three factors. The heat map visualizing the interaction of factors' effect on sugar beet seed performance is shown in Table 1 . Color-coded cells in the map show the MGT, with the intensity of color proportional to the MGT, which is a measure of lower germination rate.
In general, longer duration of the washing process correlated with lower color intensity. The lowest MGT was in response to 10-and 40-mL application of water per gram of seed and 4 h stirring at 400 rpm. However, the difference was not so pronounced compared to the other proportion (20 mL). In applying a low proportion of water (10 mL), the combination of stirring speed and duration of experiment plays a notable role. When the speed is high (400 rpm), a longer duration (4 h) of washing is required to obtain a lower MGT. However, shorter time (1 h) could be considered at the lower stirring speed (100 rpm).
When washing seeds with 20 mL or 40 mL of water per gram of seeds, the longer duration of the experiment showed the lowest MGT at all stirring speeds tested. These results were more pronounced at lower stirring speeds. Overall, a longer duration of washing (4 h) combined with high speed (400 rpm) showed the lowest MGT. 
Distinct Maturity Classes
Dry weights of seeds in the maturity classes were compared ( Figure 1 ). The lowest weight was in the first class of maturity and the seeds of maturity class 4 had the highest weight. Seed weights dropped considerably in maturity class five.
The nCDA transformation of the multispectral images showed a color intensity variation between the different maturity classes ( Figure 2 ). High maturity was associated with red, while the blue color was associated with the low level of maturity. This intensity difference was attributed to the pericarp composition and structure variation. Since this feature of pericarp is related to the maturity class of the seeds, it can be beneficial in the seed maturity classification and provide more detailed information of the pericarp structure in each developmental stage of seeds. The MSI confirmed the five maturity classes obtained via chlorophyll fluorescence sorting, which was the method used by the provider of the seed sample.
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Dry weights of seeds in the maturity classes were compared ( Figure 1 ). The lowest weight was in the first class of maturity and the seeds of maturity class 4 had the highest weight. Seed weights dropped considerably in maturity class five. The nCDA transformation of the multispectral images showed a color intensity variation between the different maturity classes (Figure 2 ). High maturity was associated with red, while the blue color was associated with the low level of maturity. This intensity difference was attributed to the pericarp composition and structure variation. Since this feature of pericarp is related to the maturity class of the seeds, it can be beneficial in the seed maturity classification and provide more detailed information of the pericarp structure in each developmental stage of seeds. The MSI confirmed the five maturity classes obtained via chlorophyll fluorescence sorting, which was the method used by the provider of the seed sample. The percentage of moisture change following the termination of the washing process was another factor evaluated ( Table 2 ). In both ratios (R = 20, 40) studied, the overall trend was the same: Classes 1 and 2 had the highest increase in moisture, classes 3 and 4 had an intermediate increase; however, the percentage of moisture was notably lower in class 5. The main factor evaluated in this part of the experiment was the water-to-seed ratio. Due to the large differences in germination inhibitors among five maturity classes, the effect of application of 20 vs. 40 mL water per gram of seed was chosen for investigation. The results of the statistical analysis of seed MGT after treatment for 4 h with a stirring speed of 400 rpm in two different proportions of water (20 or 40 mL per gram of seed) are presented in Figure 3 . The percentage of moisture change following the termination of the washing process was another factor evaluated ( Table 2 ). In both ratios (R = 20, 40) studied, the overall trend was the same: Classes 1 and 2 had the highest increase in moisture, classes 3 and 4 had an intermediate increase; however, the percentage of moisture was notably lower in class 5. The main factor evaluated in this part of the experiment was the water-to-seed ratio. Due to the large differences in germination inhibitors among five maturity classes, the effect of application of 20 vs. 40 mL water per gram of seed was chosen for investigation. The results of the statistical analysis of seed MGT after treatment for 4 h with a stirring speed of 400 rpm in two different proportions of water (20 or 40 mL per gram of seed) are presented in Figure 3 .
When applying 20 mL water per gram of seed, the MGT of maturity classes 1 and 2 was higher than class 3 and 4 ( Figure 3A) . Even though the MGT was low in class 5, the variation was high and therefore the MGT of this class was not significantly different from class 1 and 2. Washing seeds with a higher proportion of water (40 mL) reduced the variation of MGT in class 5 notably ( Figure 3B ). The other affected class of maturity from this increase in water application was maturity class 2.
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Since the main reason for washing seeds is to remove germination inhibitors, studying the effect of maturity in combination with different washing methods on the amount of these toxic substances in the steeping solution of seeds was highly relevant. To this end, after termination of washing treatments, the UV spectrum of the steeping solution of each maturity class of seeds was recorded (Figure 4 ). Since the trends were similar for both applied proportions of water, only the spectra of steeping solutions produced with 20 mL water per gram of seed are shown. Among the evaluated seed steeping solutions, the overall trend of the UV spectrum was similar between different maturity classes. However, the absorbance declined with rising maturity class. Maturity class 5 showed the lowest absorption, while the highest absorption was in classes 1 and 2. From the total spectrum, 260 nm was chosen as a characteristic wavelength of the phenolic compounds for comparison of steeping solutions across different maturities classes. The UV absorbance of steeping solutions produced by different treatments is illustrated in Figure 5 . The trend for absorbance at 260 nm is similar to the full spectrum where maturity class 5 has the lowest absorbance. The absorbance for maturity classes 1 and 2 is considerably higher than for the other classes. 
Discussion
According to Stout and Tolman [31] , soaking beet seeds for two hours before testing is recommended by the Association of Official Seed Analysts and in the Federal Seed Act seed testing rules. Furthermore, Draycott [20] mentions that the duration of washing should be two to four hours in order to leach out the natural substances with inhibitory effects. Tohidloo et al. [27] applied shorter duration of washing along with extended process time, up to three hours, to improve germination performance.Śliwińska et al. [7] found improved germination results after soaking seeds for 3 h in water. Interesting comparisons can be drawn between these results, where seeds from two harvest times were studied and results from the current experiment with five maturity classes.
On the other hand, determining the proper proportion of water is necessary to ensure sufficient elimination of inhibitors as well as improved water uptake [18, 27] . Longden [32] found that spraying seeds with water equal to 100-200% of their weight did not produce adequate progress in germination, unless it was repeated for four to five cycles. Another study used a water-to-seed ratio of 5:1 (by weight), which was equivalent to some commercial procedures [7] . Our results, however, illustrated the variable response to the proportion of water.
Tohidloo et al. [27] suggested that the germination of sugar beet seeds may accelerate for 2.5 days following the washing process, which may be the result of the removal of toxic substances. Longden [32] and Durant [33] also reported germination improvement for washed seeds. These results are in line with the outcome of the present study, where the treated seeds began to germinate 2 days before non-treated.
Moreover, the adverse effect of underdeveloped seeds on germination potential was demonstrated in previous studies [4] [5] [6] , while their visual distinction with the naked eye was impossible [4] . Progress in multispectral imaging has provided imaging platforms, which are able to categorize various materials based on information contained in their surface components, such as color, texture, morphology, and chemical composition, in order to assess e.g., the seed quality [9, 34] . There is a color gradient in the transformed images of seeds of different maturity classes, which was derived from the nCDA calculation of multispectral images (Figure 2) .
These color combinations may be due to the chemical difference in the seed surface since the variation in chemical composition of the seed coat could affect the light reflection [35] ; the combination of these substances changes during seed development [18] . Phenols play a fundamental role in this variation in reflection. Since phenols are the primary substances in lignin biosynthesis, their combination differs depending on the progress of the lignification process. Therefore, seeds of each maturity class have different amounts of lignin and phenols in their pericarp [3] .
The relation between seed weight and germination performance has been shown in various studies [5, 36] . In sugar beet, underdeveloped fruits are partially filled and have lower weight [4] . Meanwhile, the positive relationship between the sugar beet single fruit mean weight and maturity progress has been reported by Grimwade et al. [5] . A similar trend is visible in the different maturity classes used in this experiment (Figure 1) . The considerable weight reduction in maturity class five could be due to the moisture loss during the time until harvest. The 3D X-ray image of this class, which was presented in our previous article [9] , showed that the true seed is shrunk and there is more space in the cavity, compared to seeds of maturity class 4 [9] .
Seed susceptibility to water absorption is also related to maturity class, with immature seeds tending to have a faster water uptake [10] . As shown in Table 1 , in the first and second maturity classes, the less developed pericarp allows faster absorption. Therefore, the weight increase is higher compared to the other classes. This fast imbibition can be harmful for the embryo. As the seed becomes more developed, the pericarp contains more lignin and its permeability to water is lowered. On the other hand, the mature pericarp contains salt crystals [11, 21] . Lower water uptake in higher maturity classes may thus be due to the osmotic effect of inner layers of pericarp.
Different levels of toxic substances accumulated in seeds harvested with distinct maturity levels [18] . Therefore, the beneficial effect of washing changes due to the amount of these substances, and applying a higher proportion of water may thus produce a more satisfactory outcome as the results showed for classes 2 and 5 [18] . Moreover, a longer time of washing was applied (4 h) to reduce the time required for seed enhancement.
Regarding the MGT results of different maturity classes, better seed performance in higher maturity classes could be due to lower concentrations of toxic substances (Figure 3 ). While these toxic substances were leaching out during the washing process, the high concentration of them in the steeping solution could have adversely affected the germination speed.
Phenolic compounds are candidates for germination inhibitors in sugar beet [3, 14, 15, 19] . Oxidation of these water-soluble compounds appears to deprive the embryo of oxygen [13, 17, 19, 37] . On the other hand, fruit tissue, which surrounds the true seed and is also known as the pericarp, can also restrict oxygen availability and water uptake [1, 38] . Orzezko and Podlaski [21] showed the influence of seed washing on the pericarp density, which leads to a better water uptake potential.
Infrared or ultraviolet absorption-based methods appear to be a dependable approach for studying phenols [24] . Quantifying these compounds by UV-visible spectroscopy was found to be a reliable technique [16, 17, 39] , and the absorption range of 230-300 nm was reported in literature as characteristic of these aromatic compounds [16, 17] . From the full spectrum (Figure 4) , the absorption at 260 nm ( Figure 5 ) was selected to characterize the differences between steeping solutions derived from seeds of differing maturity classes.
The UV absorbance spectra of the washing solution for sugar beet seeds are in line with previous studies, which showed that various seed lots have similar spectral patterns and distinguished differences for absorbance in a specific UV region (250-270 nm) [17] . These results were in line with the extracted absorption of seeds steeping solutions full spectrum and absorption at 260 nm. The decreasing trend was seen with time to mature.
Conclusions
Complete separation of underdeveloped seeds is hardly possible in a seed lot, and even a low percentage of immature seeds can have an immediate effect on germination performance. This unfavorable performance can be due to the germination inhibitors and/or the developmental stage of the pericarp. Therefore, finding a proper method to leach out these toxic substances, while not harming the embryo by fast imbibition, can be beneficial. Our findings show that the duration of washing, proportion of applied water, and the speed of stirring should be adjusted for each seed lot and each maturity class. Multispectral imaging techniques can be helpful in visualizing the differences among pericarp developmental stages. This classification is important since the developmental stage of the pericarp plays a crucial rule for the number of inhibitors. As phenols are the primary compounds of interest among candidate inhibitory substances, the UV absorbance characteristics of the seed steeping solution can provide useful information for evaluating the concentration of these in water used to wash the seeds.
This study provides information regarding the difference in level of germination inhibitors in seeds of distinct maturity classes and further, it highlights the potential of applying the best combination of affecting factors for elimination of these substances, to improve the seed performance within each maturity class of the studied seed lot. As CF-sorters are now commercially available, the pre-treatment procedures may be tailored and applied to distinct maturity classes within a seed lot leading to an overall improved germination performance. 
